Xenopus is an excellent model for studying thyroid hormone signaling as it undergoes thyroid hormone-dependent metamorphosis. Despite the fact that receptors and deiodinases have been described in Xenopus, membrane transporters for these hormones are yet to be characterized. We cloned Xenopus monocarboxylate transporter 8 (mct8) and organic anion-transporting polypeptide 1C1 (oatpc1c1), focusing on these two transporters given their importance for vertebrate brain development. Protein alignment and bootstrap analysis showed that Xenopus mct8 and oatp1c1 are closer to their mammalian orthologs than their teleost counterparts. We functionally characterized the two transporters using a radiolabeled hormones in vitro uptake assay in COS-1 cells. Xenopus mct8 was found to actively transport both T 3 and T 4 bidirectionally. As to the thyroid precursor molecules, diiodotyrosine (DIT) and monoiodotyrosine (MIT), both human and Xenopus mct8, showed active efflux, but no influx. Again similar to humans, Xenopus oatp1c1 transported T 4 but not T 3 , MIT, or DIT. We used reverse transcription quantitative polymerase chain reaction and in situ hybridization to characterize the temporal and spatial expression of mct8 and oatp1c1 in Xenopus. Specific expression of the transporter was observed in the brain, with increasingly strong expression as development progressed. In conclusion, these results show that Xenopus thyroid hormone transporters are functional and display marked spatiotemporal expression patterns. These features make them interesting targets to elucidate their roles in determining thyroid hormone availability during embryonic development. (Endocrinology 158: 2694(Endocrinology 158: -2705(Endocrinology 158: , 2017 
T hyroid hormone (TH) is an essential regulator of growth and morphogenesis during embryonic and postembryonic development (1) . T 4 , the prohormone, is synthesized in the thyroid gland and is principally converted peripherally to the most biologically active form, T 3 . Spatial and temporal tissue-specific responses to TH are tightly coordinated by variable expression of multiple actors, including serum distributor proteins, deiodinating enzymes, nuclear receptors, and transporters, among others. Until the 1970s, it was thought that THs enter the cell via passive diffusion through the membrane (2) . Even though later reports identified several low-affinity transport systems for TH (3) (4) (5) , it was not until 2003 (6) when mutations in a cell membrane transporter, monocarboxylate transporter 8 (MCT8/SLC16A2), firmly established the importance of sodium and protonindependent TH transporters (7) .
Rat and human MCT8 transports T 3 and T 4 as well as the metabolites rT 3 and T 2 (6) . Data on expression of either the messenger RNA (mRNA) or the protein document expression in many tissues, including the thyroid gland, liver, kidney, and brain. In the human brain, MCT8 is expressed in endothelial cells of the blood-brain barrier (BBB) and in the choroid plexus (8, 9) . Mutations in MCT8, present on the X chromosome, give rise to a neurologic disorder, also known as the Allan-HerndonDudley syndrome (AHDS). AHDS is characterized by developmental delay, intellectual disability (IQ , 30), lack of speech, as well as severe neuro-motor impairment, including central hypotonia, spastic paraplegia, and dystonic movements (10, 11) .
A number of studies have tried to recapitulate the AHDS phenotype in mice and zebrafish, however with limited success. Mct8-deficient mice reproduce the changes in the serum levels of T 4 , T 3 , and TSH but lack the neurologic phenotype (12, 13) . In human brain, OATP1C1 is expressed predominantly in astrocytes, cerebrum, and, to an extent, in cerebellum (8, 14) . In mouse brain, Oatp1c1 is also expressed in the BBB. This coexpression of Oatp1c1 and Mct8 in the mouse BBB is thought to compensate for the Mct8 inactivation in mice. In addition, OATP1C1 is also expressed in spinal cord, retina, and testis. mct8 knockdown and knockout zebrafish have further confirmed the role of mct8 in neural development (15) . What is more, genetic mct8 knockout zebrafish reproduce the neurologic phenotype but do not affect the muscle structure, observed in humans affected by AHDS (16) . Such discrepancies argue for a need to fill an evolutionary gap in our understanding of how TH availability and action are coordinated in the developing brain.
Xenopus is an amphibian model with an external early developmental period, free from maternal influences. This feature allows for easy access and experimentation from fertilization onward through all developmental stages. Although other animal models such as the zebrafish also facilitate access to early developmental stages, Xenopus, with its TH-dependent metamorphosis, provides an additional unique insight into postembryonic development (17) . Prior to metamorphosis, there is evidence of TH availability and action during the early periods of Xenopus development. Maternally derived T 3 and T 4 are present in the Xenopus egg and are the main source of hormone until the formation of the thyroid gland (18) . TH signaling components such as the receptor, TRa, and the deiodinases (DI, D2, D3) are expressed as early as blastula stage and play an important role in neurogenesis (18) (19) (20) (21) . Whereas reports have confirmed dynamic expression of mRNA encoding TH transporters in metamorphic Xenopus (22) , little is known about their roles during early Xenopus development, especially in the brain. In this study, we identify and functionally characterize Xenopus mct8 and oatp1c1. We further analyze how the genes encoding these transporters are expressed spatially and temporally during Xenopus development.
Materials and Methods

Animal husbandry
Xenopus laevis (outbred, wild type) and Xenopus tropicalis were obtained from the Centre National de la Recherche Scientifique National Biological Resource Center in Rennes, France, and maintained in accordance with institutional and European guidelines (2010/63/UE Directive 2010). All experimental procedures used followed institutional and European guidelines (2010/63/UE Directive 2010) and were approved by the local ethics committee (Muséum National d'Histoire Naturelle, Paris, Project approval N°68.039). Tadpoles were obtained by in vitro fertilization using wild-type X. laevis and X. tropicalis, respectively. Xenopus laevis were maintained at 23°C and X. tropicalis at 26°C until use.
Rapid amplification of complementary DNA ends polymerase chain reaction (including primers used)
RNA was obtained from NF55-NF60 X. laevis and X. tropicalis brains, as described (18 
Phylogenetic tree
Sequences were obtained from GenBank, Ensemble, and RACE polymerase chain reaction (PCR) [Supplemental Data 1(c)]. Evolutionary analyses were conducted with MEGA7 (23). Multiple sequence alignment was carried out using MUSCLE (24) in MEGA7, followed by manual trimming and adjustments using Guidance2 (25) alignment as reference. The best model for constructing the maximum likelihood phylogenetic tree was inferred using MEGA7 inbuilt feature for "finding best DNA/ protein model maximum likelihood," in this case, the JTT matrix-based method model (26) . The tree with the highest log likelihood is shown. Initial tree(s) for the heuristic search was obtained automatically by applying neighbor-join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. A discrete g distribution was used to model evolutionary rate differences among sites (five categories). The tree is drawn to scale, with branch length measured in the number of substitutions per site. For gaps/missing data, all positions with ,95% site coverage were eliminated. That is, ,5% alignment gaps, missing data, and ambiguous bases were allowed at any position. Complete list of species and GenBank references are provided in Supplemental Table 2 .
Functional characterization
Constructs for Xenopus mct8.L, mct8.S, and oatp1c1 were synthesized by GeneCust (Ellange, Luxembourg) in pcDNA3.1 expression vector (Invitrogen/Thermo Fisher). The human MCT8 in pcDNA3.1 expression vector has been previously described (27) . COS-1 cells (monkey kidney fibroblast-like cells) were cultured in culture medium Dulbecco's modified Eagle medium/F12 glutamax medium, containing 9% fetal bovine serum, 100 nM Na 2 SO 4 , and 1% penicillin/streptomycin in 75-cm 2 flasks at 37°C and 5% CO 2 . The cells were seeded in 24-well plates and transfected with either 100 ng pcDNA3.1 (empty vector) or pcDNA3.1 containing cDNA inserts of human MCT8 or OATP1C1, Xenopus mct8 or oatp1c1, and 100 ng CRYM (28) . In the absence of CRYM, pcDNA3.1 (empty vector) was added to transfection mix to ensure total amount of DNA was constant in all transfections, i.e., 200 ng. All transfections were carried out using X-tremeGENE 9 transfection reagent (Roche Diagnostics, Basel, Switzerland), according to manufacturer's protocol. (29), and unlabeled iodothyronines (Sigma-Aldrich, St. Louis, MO) were added to obtain a final concentration of 10 nM. After incubation, medium was removed, and cells were rinsed once with incubation medium, lysed with 0.1 M NaOH, and counted in a g-counter. Bars in figures represent the mean 6 standard error of the mean of two independent experiments (n = 2) performed in triplicate.
In situ hybridization
At the appropriate stage, X. laevis embryos were euthanized in 1% MS-222, fixed in 4% cold paraformaldehyde for 2 to 3 hours (at room temperature), and placed in 100% EtOH or MeOH at 220°C until in situ hybridization (ISH). Sense and antisense probes were prepared by reverse transcription PCR on a pool of X. laevis RNA extracted from different developmental stages. Primers used were as follows: mct8 (forward, 5 0 -CAGAGGAGGACGAGAACCTG-3 0 ; reverse, 5 0 -CAACCACAGCCAAAAAGGAT-3 0 ) and oatp1c1 (forward, 5
0 -ACCTTGGGAACTCAATGTGG-3 0 ; reverse, 5 0 -CTCCGTATTCGCCTCATTTT-3 0 ). PCR fragments were cloned using TOPO TA cloning kit dual promoter (pCRII-TOPO TA vector; Invitrogen) using the manufacturer's protocol and sequenced to check for orientation. Digoxigenin (DIG) RNA probes were synthesized using the DIG labeling kit (Roche, Meylan, France).
ISH was performed on dissected X. laevis brains postfixation. Brain samples were rehydrated in PBS + 0.1% Tween on day of ISH, treated with 2 mg/mL proteinase K (SigmaAldrich, St. Louis, MO) for 2 minutes (at room temperature), washed in PBS + 0.1% Tween, and postfixed in 4% paraformaldehyde for 20 minutes. Brain samples were then prehybridized for 5 hours at 60°C in 50% formamide, saline sodium citrate (SSC), 1% sodium dodecyl sulfate, 50 mg/mL heparin, and 50 mg/mL yeast RNA. DIG-labeled RNA probes were denatured at 95°C for 30 seconds, added to the hybridization buffer (1 mg/mL) containing samples, and left overnight at 65°C. Next day, brain samples were washed twice in 50% formamide/23 SSC for 30 minutes at 60°C, twice in 23 SSC for 20 minutes at 37°C, and then twice in 0.23 SSC (SSC plus 0.1% Tween 20) for 30 minutes at 37°C. Samples were preblocked with blocking buffer [10% goat serum (Sigma-Aldrich), 2% Roche blocking buffer (Sigma-Aldrich)] for 2 hours and incubated overnight at 4°C with alkaline phosphataseconjugated anti-DIG antibody (Roche, Meylan, France) diluted 1:2500 in blocking buffer. On the third day, the enzymatic activity was revealed by addition of 5-bromo-4-chloro-3-indolylphosphate/nitro blue tetrazolium chloride (Roche). Brain samples were then postfixed. Samples were photographed with MZ12.5 stereomicroscopes (Leica, Rueil Malmaison, France) and stored in EtOH at 4°C.
RNA extraction and quantitative PCR
Embryos were anesthetized, brains/heads/whole embryos were dissected, and a pool of three embryos/heads/brains was placed in 1.5-mL Sorenson tubes, flash frozen in liquid nitrogen, and stored at 280°C. RNA extraction used Qiagen RNeasy micro plus kits following manufacturer's recommendations. RNA concentrations were determined using a spectrophotometer (NanoDrop; Thermo Scientific, Rockford, IL) and quality verified using BioAnalyzer (Agilent, Santa Clara, CA) with a threshold RNA integrity number at 7.5. Total extracted RNA (500 ng) was used for reverse transcription using a highcapacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). The single-stranded complementary DNA (cDNA) obtained was used as a template for quantitative PCR (qPCR). qPCR was carried out using 384-well plates Quantstudio 6 flex (Life Technologies/Thermo Fisher), with a standard reaction containing 1/20 diluted cDNA as template (1 mL/well) plus 5 mL mix (Power SyBR mix; Applied Biosystems/Thermo Fisher) per well. Relative concentrations of cDNA for analyzing relative changes in gene expression were calculated using 2 2DDCt method (30). For normalization, a geometric mean of endogenous controls [elongation factor a (ef1a) and ornithine decarboxylase (odc)] was used as the two reference genes. In addition, a reference sample (calibrator) was used. qPCR primers were designed to target the exon-exon junction and both of the copies of the different alleles. Primer sequences were provided as Supplemental Table 3 .
Results
Cloning of X. laevis TH transporters
The tetraploid X. laevis genome (31) contains two copies of mct8 or slc16a2 (hereby referred to as mct8.L or mct8.S) and only one copy of the oatp1c1 (slco1c1). The mct8.L cDNA is 1566 bp long, including stop codon, and encodes a 522-amino acid peptide, whereas the mct8.S cDNA is 1503 bp long, including stop codon, and encodes a 501-amino acid peptide. The amino acid identity between Xenopus mct8.L and mct8.S is 91.8% [Supplemental Fig. 1(a) ]. Xenopus mct8.L displays 59.4% and mct8.S 59.8% sequence identity with human MCT8. The orthologous proteins from mouse, chicken, and zebrafish displayed sequence identities to the human protein of 94.0%, 60.7%, and 56.9%, respectively [ Fig.  1(a) ; Supplemental Fig. 1(b) ]. The 12 transmembrane domains are well conserved between the five species, including the amino acids previously reported to be essential for substrate recognition and function [ Fig. 1(a) ]. Amino acids, whose substitutions are involved in pathological outcomes (AHDS) and TH transport, are also conserved (32) (33) (34) , except His192, which has been replaced by glutamine in Xenopus and Zebrafish [ Fig. 1(a) ].
X. laevis oatp1c1 is located on the long chromosome 3, and its cDNA is 2106 bp long and encodes a 702-amino acid protein [Supplemental Fig. 1(c) ]. Xenopus oatp1c1 is predicted to contain 12 transmembrane domains, as denoted in gray shading in Fig. 2(a) (35) . Human OATP1C1 shows 59.7% amino acid identity with Xenopus, 83.1% with mouse, 72.0% with chicken, and 54.1% with zebrafish orthologs [ Fig. 2(a) ; Supplemental Fig. 1(b) ]. Among the amino acids known to play a role in T 4 transport, Asp85, Glu89, Asn92, Trp277/278, Gly399, Gly409, Arg601, and Pro609 are conserved throughout different vertebrate species (35) .
Phylogenetic analysis
A phylogenetic analysis of the MCT8 and OATP1C1 proteins across different vertebrate classes, including a number of mammalian, amphibian, avian, and teleost species, was carried out [Figs. 1(b) and 2(b)]. For X. laevis and X. tropicalis oatp1c1, RACE PCR was carried out to construct and clone the genes [Supplemental Fig. 1(c) ]. For other species, only full amino acid sequences available were used for the phylogenetic analysis. Maximum likelihood analysis was carried out following a bootstrap analysis, and MCT10 (SLC16A10) was used as outgroup for MCT8 and OATP1B3 (SLCO1B3) as outgroup for OATP1C1. Avian mct8 and oatp1c1 appear closest to the 
Functional characterization of Xenopus TH transporters
Cellular uptake of T 3 and T 4 along with their precursors, DIT and MIT, was assessed in transiently transfected COS1 cells (Figs. 3 and 4) . The COS1 cells were transfected with human or Xenopus mct8 (Fig. 3) or oatp1c1 (Fig. 4) under a ubiquitous cytomegalovirus promoter. Empty vector pcDNA3.1 was used as a control. Given that there is endogenous expression of TH transporters in the COS1 cell line used for these experiments, we refer to these types of experiments using an overexpression approach, as previously described (27, 36) . All experiments were conducted with or without cotransfection of m-crystallin (CRYM), a high-affinity cytoplasmic TH-binding protein that prevents the efflux of TH from the cell (37) . For mct8, the human and Xenopus orthologs showed comparable uptake for T 3 and T 4 , both with and without CRYM (Fig. 2) . With Human and Xenopus oatp1c1 displayed a higher preference for T 4 uptake, whereas no transport activity was observed for T 3 , MIT, and DIT (Fig. 4) . In the absence of CRYM, only Xenopus oatp1c1 displayed a significant 2.4-fold increase in T 4 uptake compared with control, whereas little activity was observed for human OATP1C1 [ Fig. 4(b) ]. In the presence of CRYM, a 2.1-fold increase in T 4 uptake was observed for human OATP1C1 compared with a 3.3-fold increased T 4 influx by Xenopus oatp1c1, suggesting a higher activity of Xenopus oatp1c1 for T 4 transport [ Fig. 4(b) ]. No transport activity was observed for human and Xenopus oatp1c1 for DIT and MIT, either with or without CRYM [ Fig. 4(c) and 4(d) ].
TH transporter expression during Xenopus development
Relative expression during development of Xenopus TH transporters, including mct8, oatp1c1, mct10, lat1, and lat2, was assessed using reverse transcription qPCR. Figure 5(a) shows the expression of Xenopus TH transporters in unfertilized eggs and whole embryos from one cell stage to stage NF54 (prior to metamorphosis) (38) . Low expression of mct8 is found in the unfertilized egg and up until NF10 (midblastula). This expression profile parallels klf9, a thyroid-responsive gene, suggesting an early role of TH in early organogenesis (39). Note that klf9, in addition to TH, is also a corticosteroneresponsive gene (40) . An increase in expression of mct8 is observed from NF24 until NF45, the period of thyroid gland formation. A second dramatic increase of mct8 expression follows from NF45, after completion of thyroid gland formation up until NF54, prior to onset of metamorphosis.
No expression of oatp1c1 was detected until NF24, when a slow increase was followed by a dramatic increase from NF50 onward. Amino acid transporters lat1 and lat2 displayed similarly increasing expression profiles from NF21 onward until NF54. However, only low lat2 expression was observed in the unfertilized egg and up to NF10 (midblastula), unlike lat1. Figure 5(b) shows the expression of Xenopus TH transporters in brain tissue during the different stages of metamorphosis (NF54-NF66, Fig. 5 legend) . Increasing expression during metamorphosis was observed for mct8, mct10, and lat2 until adult. In contrast, stronger expression was observed only between NF54 and NF57 for oatp1c1 and lat1, suggesting a precise developmental time-specific role for these transporters.
To further determine the specificity of TH transporter expression in brain, we compared levels of expression in whole tadpoles, head, and brain (Fig. 6) . Two stages were selected, before and after thyroid gland formation (NF41 and NF50, respectively; Fig. 5 legend and Fig. 6 legend) . mct8 and lat1 were specifically expressed in brain compared with whole tadpoles both at NF41 and NF50. Expression of mct8 and lat1 increased 3.1-fold and 1.6-fold, respectively, between stages NF41 and NF50. No expression was observed in any tissue for oatp1c1 at NF41, and only brain expression was observed at NF50. In contrast, mct10 was expressed in whole tadpoles and head but not in brain at NF41. From NF41 to NF50, there was a significant twofold decrease in mct10 expression in whole tadpoles and head.
Spatial expression of mct8 and oatp1c1 in Xenopus
Spatial expression of mct8 and oatp1c1 mRNA in Xenopus brain was assessed using ISH (Fig. 7) . mct8 expression was detected as early as NF48 in the brain, specifically in the hindbrain and the choroid plexus. At the premetamorphic stage, NF54, mct8 expression was observed in the hind brain, choroid plexus, hypothalamus, and the pituitary. After metamorphosis, mct8 expression was observed in the choroid plexus, the hypothalamus, and the pituitary and, to some extent, was widespread in the forebrain.
Corroborating the qPCR data, no expression of oatp1c1 was observed by ISH in the brain or the pituitary at NF42 and NF48 (data not shown). At the premetamorphic (NF54) and postmetamorphic (juvenile) stage, oatp1c1 expression was observed specifically in the hypothalamus (Fig. 7) .
Discussion
Our study demonstrates that the Xenopus TH transporters, mct8 and oatp1c1, are functional and that they are expressed from early Xenopus development onward. Both copies of the Xenopus mct8 share a high sequence homology. The protein also displays ;60% amino acid sequence conservation with the mammalian MCT8s. The homology includes the 12 transmembrane domains and the 6-exon gene structure. Moreover, many of the amino acids reported to be mutated in the human condition, AHDS, are well conserved, from teleosts to amphibians, avian, and mammals, suggesting high conservation of MCT8 structure and function during vertebrate evolution. Of the three amino acids, His192, His415, and Arg301, known to play a role in T 3 and T 4 binding, His415 and Arg301 are conserved in mammalian MCT8 (34) . In amphibians and zebrafish, His192, conserved in mammals and birds, has been replaced by Gln (glutamine), another polar amino acid [ Fig. 1(b) ]. The His192Gln substitution does not interfere with human MCT8 translocation to the plasma membrane, but it reduces the V max of T 3 uptake by up to 80% (34) . T 4 transport is not affected by this substitution in human MCT8, suggesting possible different T 3 and T 4 transport mechanisms.
According to previously published RNA sequencing data, both copies of the Xenopus mct8 appear to be expressed in a similar fashion in Xenopus tissues (31).
This led us to determine whether there were any differences in the transport ability between the two copies. We found no differences in the transport of TH between the large and small copy of mct8. Furthermore, both transport T 3 and T 4 in a similar fashion to human MCT8 [ Fig. 3(a) and 3(b) ]. When assessed for their ability to transport the TH precursors DIT and MIT, both human and Xenopus mct8 showed an active efflux [ Fig. 3(c) and  3(d) ]. MCT8 is known to be expressed in the thyroid gland, whereas DIT and MIT have not been reported to be exported in the bloodstream. The active efflux of DIT and MIT, described in this work, suggests a level in TH regulation yet to be explored.
We also observed mct8 expression in Xenopus unfertilized eggs, as early as one-cell stage up to NF10 (midblastula stage) [ Fig. 5(a) ]. Xenopus does not form a functional thyroid gland until stage NF46 and therefore relies in early development on maternal TH supplied in the yolk (18) . This precocious expression pattern of mct8 indicates an early role for TH transporters. Other components of TH signaling such as deiodinases (18) and receptors (20) are already known to be active during early stages of Xenopus embryogenesis. Furthermore, disruption of thyroid-signaling components at an early stage leads to severe malformations, indicating an important role of TH in development (41, 42) . The early developmental role of TH transporters is not unprecedented, as in humans MCT8 is expressed in placental tissue by the sixth gestational week (43) . Human MCT8 is expressed in neurons in different fetal and adult brain regions, the BBB, and the choroid plexus (8, 9) . We observed similar expression patterns in Xenopus brains during the different stages of development (Figs. 6 and 7) . Expression of mct8 in the hypothalamus may indicate a role for mct8 in hypothalamic development and TH feedback in the hypothalamic-pituitary-thyroid axis (Fig. 7) . We report mct8 and oatp1c1 expression patterns during X. laevis early developmental stages and during metamorphosis. These expression patterns are comparable to those reported previously in X. tropicalis (22, 44) . Note, however, Connor's et al. (22) X. tropicalis expression data of mct8 and oatp1c1 did not include the hypothalamic region in the brain. A further difference is that we included younger stages.
Our data also suggest potential roles of other TH transporters such as mct10 during early development. Before thyroid gland formation, mct10 is expressed at higher levels in whole tadpoles and head than in the brain, suggesting expression in other organs such as gills, eyes, and otoliths. Furthermore, mct10 expression is decreased twofold after thyroid gland formation. This finding Figure 6 . Gene expression of thyroid hormone transporters in X. laevis during development. Gene expression analysis using reverse transcription qPCR of different stages in X. laevis was carried out. Comparison of expression in whole tadpoles, head, and brain (pool of three) during two different stages, before and after thyroid gland formation. Statistics used two-way analysis of variance, except for oatp1c1 NF41, where pairwise comparison was used. Values represent means 6 standard deviation of two experiments performed in triplicate; *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001.
suggests a more comprehensive role of mct10 during early development than previously thought, although further work is required to better understand its role.
In conclusion, we have identified and characterized the brain-specific TH transporters in an amphibian model. Our findings suggest that MCT8 is likely to play a key role not only in determining neuronal TH availability but also during stages prior to gastrulation, TH synthesis, and feedback.
